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Reproducing the structure of biological materials has rendered synthetic materials with 
remarkable properties.  Here, we studied the features of a rhinoceros beetle, Dynastes 
Hercules, aiming to understand its structural components and relate them to its properties.  
This beetle changes color from yellow-green to completely black in diverse humidity 
conditions due to a porous layer that absorbs water.  The objectives of this work included 
the characterization of the reflectance spectra of the porous layer in the visible and 
shortwave infrared regions, and, for the first time, determining its mechanical properties. 
This work provides the foundation for a longer-term objective: design and generate 
synthetic materials that mimic the functionality of biological materials.  In this particular 
case, the new multifunctional material could find application as lightweight camouflage 
effective under visible and shortwave infrared conditions. 
Elytra samples taken from dead specimens of Dynastes Hercules were sectioned 
and prepared for optical property characterization and mechanical testing.  Spectral 
reflectance measurements were taken under wet and dry conditions, which showed a 
similar signature to foliage.  Optical and Scanning Electron Microscopy along with focus 
ion beam cross-sectional analysis were used to examine the pores and tubular structures 
that allow water into the sponge-like layer that promotes the color changes.  Tensile tests 
were used to determine Young’s Modulus and tensile strength of the elytra.  Hardness 
and density measurements are also included.  The measurements rendered specific 
modulus and specific strength values similar to wood.  In addition, attempts to mimic the 
porous layer using anodizing techniques to render tubular inorganic structures are 
reported. 
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The Hercules beetle, Dynastes Hercules, was chosen for analysis because of its 
unique optical and mechanical properties.  Our specific area of interest is on the elytra, 
the hardened forewings that provide a protective shell for the beetle.  The elytra of the 
Hercules beetle can change color from yellow to black and back to yellow without 
permanently changing structure of the elytra.  In addition, the Hercules beetle has been 
recorded as lifting 850 times its own body weight, making it one of the strongest animals 
in the world [1].   
The color-changing optical properties of this beetle were first examined by Hinton 
and Jarman and published in 1972 [2].  They determined the change in color was due to 
water absorption in a 5 m thick spongy layer located 3m below the surface of the 
beetle’s elytra.  The spongy layer is a chitin-air matrix made up of chitin columns normal 
to the surface of the shell connected by smaller irregular chitin branches.  The elytra are 
yellow when the void in the porous layer is filled with air, and turns black when the void 
is filled with water [2].  A deeper analysis was published in 2008, which measured the 
optical reflectance spectra, examined SEM imaging of the spongy layer, and simulated 
the optical response of the structure with numerical simulations based on a theoretical 
model [3].  Measurements of the optical reflectance spectra were only completed in the 
visual wavelengths, but numerical simulations extended to 1200nm.  The conclusion of 
the research paper published in 2008 confirmed what Hinton and Jarman published in 
1972 but determined that a complete understanding of the 3D structure, not just 1D, must 
be evaluated to fully understand the change in color.  The modification of the beetle’s 
color allows the animal to blend in foliage during the day, and appear dark at night, when 
humidity levels are higher. This feature motivated us to pursue the topic to determine if 
they could also blend with foliage when SWIR sensors were used. Moreover, it motivated 
us to try to design a synthetic material that could have a similar potential. 
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Recent advances in SWIR sensors have created new challenges for camouflage 
and concealment technologies.  Improvements in technology have now made SWIR 
cameras much more affordable and available than they were in the past.  Conventional 
camouflage that works well in the visible spectrum is not nearly as effective in the SWIR 
region.  One of the main contributors is that water contained in foliage strongly absorbs 
wavelengths around 1.4m; this provides a sharp contrast to materials that do not contain 
water. 
Regarding its mechanical properties, Dynastes Hercules can lift up to 850 times 
its own body weight, a fact that gave rise to its name [1].  The Hercules beetle elytra has 
never been fully characterized, and we are interested to see if the structure of the beetle 
shell is what contributes to its physical strength.  Most insect exoskeletons are made up of 
chitin and protein, but the Young’s Modulus among insect cuticle can differ by 8 orders 
of magnitude [4].   
The Hercules beetle elytron is primarily made up of chitin.  Chitin is a natural 
polysaccharide, most commonly found in the exoskeleton of arthropods [5].  It is the 
second most abundant polymer after cellulose.  The chitin makeup of the Hercules beetle 
elytra is similar to other insects.  The elytron is mainly composed of crystalline chitin 
nanofibers embedded in a layered matrix of protein, polyphenols and water, with small 
amounts of lipid [6].  The strength of the elytron is not due to chitin, but instead, how the 
chitin interacts with the protein and how it is oriented in the elytron [6].  We set an 
objective to measure mechanical properties of the Hercules beetle elytra, to determine if 
they are worth replicating, and study how the orientation of the chitin contributes to the 
mechanical properties.   
B. BIOINSPIRED MATERIALS 
Reverse engineering biological materials is not a unique or new idea.  Biological 
materials have survived thousands of years through natural selection and are well adapted 
for their specific purpose.  Mimicking biological materials has gained its own name: 
biomimetics or bionics.  One of the oldest recorded and renowned cases of bionics dates 
back to the 16th century when Da Vinci designed a glider after a bat wing.  Ever since 
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then, engineers, scientists and inventors have been practicing biomimetics whether they 
knew it or not.  The first formal Federal funding program for bionics was established in 
the 1950s.  The program was called Biological Orientation and it hoped to improve sonar 
systems by studying the echolocation mechanisms used by bats [7].  The U.S. military 
remained at the forefront of bionics and the first Bionics Symposium was held by the 
U.S. Air Force in 1960 titled “Living Prototypes – The Key to New Technology” but the 
symposiums were discontinued in 1970 [7].  Since then, several inventions and 
improvements have been made because of biomimetics.  NASA requested a study in 
1991 to document engineering contributions from bionics to decide what areas of interest 
could be beneficial for further study [7].  The study cited 282 different bionic research 
topics the group felt could be beneficial in the field of aerospace design. 
A small number of biomimetic examples are discussed below.  They exemplify 
some past achievements as well as systems currently being developed.  As technology 
continues to improve we hope to be able to mimic more complicated biological materials: 
Velcro, an invention we interact with on a daily basis was developed because of 
seed dispersion.  A Swiss engineer, George de Mestral, returned from hunting in 1941 
with burdock burrs (seeds), similar to Figure 1 A, attached to his clothing.  Due to his 
inquisitive nature he viewed the burrs under a microscope and noticed the hook shape 
allowed them to cling to the loops on his clothing.  After several years of research and 
development he designed what we refer to today as Velcro [8].   
The tread on your automobile tires was loosely based on the toes of tree frogs.  
Tree frogs toes have cuboidal columnar cells with gaps in between which act as channels 
for the water, Figure 1 E.  When a tree frogs toe presses against a wet surface the water 
gets pushed out through the channels creating a stronger surface contact.  Tire treads 




Figure 1.  A) Hooking portion of a burr B) Magnified image of the hook C) 
Magnified portion of the hook and loop D) tree frog E) schematic of 
tree frog toe with channels F) tire tread, after [9] 
The Office of Naval Research is interested in studying shark’s skin due to its 
ability to prevent barnacles from growing on the surface of the animal.  It is believed that 
a successful attempt will act as antifouling technology, preventing deposits on ships and 
submarines surfaces, which will prevent corrosion and reduce drag.  It is estimated that 
biofouling can reduce vessel speed by 10% and cause a 40% increase of fuel 
consumption.  The ONR provided funding to the University of Florida professor, 
Anthony Brennan, who invented the biomimetic technology, Sharklet. Sharklet is already 
being used to inhibit the growth of bacteria in hospitals and restaurants, and the U.S. 
Navy hopes to use the same technology as a hull coating to prevent barnacle 
accumulation [10].  Shark skin is also being mimicked for its low drag properties.  Shark 
skin has grooved scales along the entirety of its body which reduces drag by 5-10%.  This 
technology is commercially available and has been used on full body swimsuits as well as 
the Cathay Pacific Airbus 340 [9].   
The ability geckos have to walk on a vertical surface has also been a particular 
area of interest in the biomimetic community.  Several companies have sought to 
synthesize dry-adhesive tapes which replicate the phenomenon of gecko feet [11].  Gecko 
feet utilize tiny hairs that conform to the contour of the surface they are walking on and 
enable load sharing [11]. 
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Several more biomimetic topics can be discussed, but the point was to 
demonstrate that engineers and inventors have used and will continue to use nature as 
inspiration for technology advancements.  The limited number mentioned above does not 
even begin to scratch the surface of the number of possibilities.  A few other  
topics receiving attention and funding are the creation of a high strength fiber based on 
spider silk, artificial photosynthesis, designing a water repellent surface after the lotus 
plant, and using passive cooling in buildings mimicked after termite mounds among 
others [9, 12–14]. 
C. THESIS OBJECTIVES 
There were three central goals for the research in this topic.  The first was to 
optically and mechanically characterize the Hercules beetle elytra.  We aimed to extend 
the limits of prior research by examining both the visible and the SWIR regions.  To the 
best of our knowledge, mechanical properties have never been reported and this will 
constitute the first effort to present that novel data.  The second was to determine if these 
characteristics are worth replicating by fabricating a material with similar characteristics.  
If the second objective resulted in a positive outcome, the third objective was to 
recommend a method or candidate materials that could be used to develop a structure 
with similar mechanical and optical properties.   
The objective of our optical characterization was, as mentioned above, to measure 
the reflectivity of the elytra as a function of wavelength in the visible and SWIR range.  
This was to be performed under varying humidity conditions, to see the effects that water 
absorption in the elytra had on the reflected wavelengths.  The objective of our 
mechanical characterization was to determine the hardness, tensile strength, and Young’s 
Modulus of the elytra.  The next step was to determine how the microstructural 
characteristics contribute to the mechanical and optical properties.  As a final step, we 
will propose a method to produce a synthetic material with similar properties to the elytra 
that were found to be desirable as concealing technology.      
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D. HYPOTHESIS 
We believe that the reflectance spectra in the beetle’s elytra will be similar to 
other natural materials.  An example could be foliage, which military forces are 
constantly operating in.  Most biological materials have similar reflected wavelengths in 
the visual and SWIR due to water absorption.  The porous structure of the elytra will be 
responsible for the reflected wavelengths and the microstructure will determine the 
spectral dependence of the reflected wavelength.  The measured reflectance of the elytra 
with higher humidity will be lower than the dry elytra. 
The mechanical properties of the Hercules beetle elytra will be similar to other 
insects’ elytra.  Desired properties to be determined include hardness, yield strength, and 
stiffness.  All insect elytra/cuticle are primarily made up of chitin and protein, but they 
can have their own unique structure and orientation. 
Given the nature of the elytra’s components the last hypothesis was that the 
density of the beetle’s hardened forewing will be lighter than traditional engineering 
materials. 
E. NAVAL RELEVANCE OF THE TOPIC 
The United States Department of Defense is continuously looking for improved 
ways to make their soldiers less observable in the day or night.  Camouflage techniques 
in the past only needed to perform in the visible wavelength, but with improvements in 
technology, it is now necessary to have material that camouflages in the NIR and SWIR.  
Current camouflage is developed to make it harder to spot an individual in the visual 
range, but it is difficult to hide when being observed with SWIR imaging.  Dyes are 
currently used to assist camouflaging in the NIR, but once the clothing is washed, the 
dyes become less effective.  Our hope is to create a synthetic material that can reflect and 
absorb wavelengths in NIR and SWIR based off the actual physical structure of the 
material, not an added dye.  In addition, this material will be able to change colors in the 
visible range simply by absorbing water. 
The Hercules beetle is one of the largest beetles in the animal kingdom, 
sometimes growing over 6 inches in length [1].  Even with its massive size it is still able 
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to fly.  One of the contributing factors is that the elytra is lightweight but strong enough 
to protect the beetle.  Reproducing the elytra’s structure may provide significant cost 
savings in aircraft, satellites and automobiles.  Commercial aircraft, fighter aircraft, and 
satellites estimate savings of $300, $3000, and $30000 respectively for each pound shed 
[15].  In addition, the automobile industry can improve fuel consumption by 5% for a 
weight reduction of 10% [15].  The chitin and protein matrix of the elytra may provide 
insight on a new structural design to decrease weight and improve strength in 
automobiles and aircraft in both the military and civilian industry.    
F. THESIS OUTLINE 
This manuscript is organized into four chapters.  Chapter II discusses the 
experiments and characterization techniques performed to meet the objectives stated in 
Chapter I.  In addition, it provides a detailed description of each experiment that was 
carried out.  Chapter III discusses the results of the experiments and characterization 
techniques.  These results include a description of the beetle and its microstructure, 
spectral reflectance measurements, Young’s Modulus, tensile strength, hardness 
measurements, density measurements, and our first attempt to replicate the porous layer 
responsible for the elytra’s color change.  Chapter IV summarizes the results of the thesis 
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II. EXPERIMENTAL METHODS 
This chapter is devoted to describing the approaches employed to prepare samples 
for analysis, the operational fundamentals of the characterization techniques used and the 
particular conditions for which the data was extracted. 
A. BEETLE ANATOMY 
The Hercules beetles, Dynastes Hercules, used for this experiment were ordered 
from the website Butterflies and Things.  Each beetle ordered was a Peruvian male 
Hercules beetle, Figure 2. 
 
Figure 2.  Hercules beetle size reaches close to 5 inches. In the image, the main 
parts are labeled and the specimen is still in packaging, as received 
from supplier 
There are several unique characteristics about the anatomy of the Hercules beetle.  
The first and most distinguishable feature is the long pincers on the front of the beetle.  
These pincers are only found on male beetles and are used for defense as well as 
obtaining food [16].  The eyes are located behind the lower pincers on both sides.  The 
elytron is the protective shell on the Hercules beetle and is commonly referred to as the 
hardened forewing.  The elytra provide a protective covering for the wings and open 
when the beetle takes flight.  The elytron is our primary area of interest for this thesis.  
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The elytra are separated in two pieces down the middle of the beetle and each piece has 
one point of attachment.  The single point of attachment makes it possible for the elytra 
to open, Figure 3, and allow the beetle’s wings to extend for flight.  In addition to 
protecting the beetle and the wings, the elytra change color when exposed to different 
humidity.  When completely dry the shell is a yellow/green color, but when exposed to 
high humidity or submerged in water the shell turns black. 
 
Figure 3.  Elytra spread open with wings visible 
1. Dissection of the Beetle 
The beetle was dissected to maintain the integrity of the elytra and the pincers.  
The other parts of the beetle were saved for future research.  Dissection was completed 
with a surgical scalpel, tweezers, and a razor blade. 
In order to conduct experiments on the elytra, smaller pieces were desired.  
Several different techniques were used to separate the elytra into smaller pieces, but one 
method was much more successful than the other attempts.  Liquid nitrogen had been 
used to break apart the elytra in previous Hercules beetle research, and this was the first 
method we attempted [3].  The shell was placed in liquid nitrogen and removed after 10 
minutes.  It was placed in a glass beaker and pressure was exerted on the shell’s concave 
surface until it fractured.  This method was attempted several times, but instead of a clean 
fracture the elytra cracked.  We were eventually able to fracture the shell by tearing it 
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apart with tweezers but it was an uneven tear and several of the layers were beginning to 
delaminate, Figure 4. 
 
Figure 4.  Failed attempt to fracture the elytra using liquid nitrogen 
We were interested in maintaining the integrity of the elytra and didn’t want to 
study delaminated portions.  Several more methods were attempted to break apart the 
elytra, but the most effective method was the use of sharp scissors.  Depending on the 
area of study, different size pieces were cut for different analysis. 
B. HUMIDITY AND COLOR CHANGE 
An experiment was designed that would test the color changing property of the 
elytra after it had been removed from the beetle and separated into smaller pieces.  The 
ultimate goal was to verify that the color changing property was purely a physical 
property of the elytra and not dependent on the beetle’s anatomy.  Utilizing a humidifier 
we exposed the elytra to varying humidity and noted the color change as the elytra went 
from yellow to black and back to yellow. 
1. Set-Up 
The experiment consisted of the Beetle’s elytra, an ultrasonic humidifier, 
stopwatch, plastic tube, funnel and glass container, as displayed in Figure 5.  The 
humidifier had an ultrasonic tip that generated highly dispersed water drops light enough 
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to be carried as fog through a tube and into a funnel.  The elytron was placed under the 
funnel.  A stopwatch recorded the amount of time it took for the elytron to turn from 
yellow to black.  The humidifier was turned off, the funnel removed and the amount of 
time it took for the shell to return to yellow was recorded. 
 
Figure 5.  Humidity experimental set-up to test the color change of the elytra 
2. Procedure 
The humidifier was filled with water and the tube was connected to the funnel.  
The elytra was placed in a glass container and the funnel was placed over top the elytra as 
seen in Figure 5.  The humidifier was turned on and the timer was started.  As soon as the 
shell turned completely black, the timer was stopped.  The color changing process was 
then done in reverse by removing the elytra from the glass container and placing it in a 




1. OPTICAL MICROSCOPY 
The first method to visually observe the features of the elytra was an optical 
microscope.  The optical microscope can magnify the shell to provide a closer view of the 
elytra layers and verify if the preparation is adequate to be viewed under a microscope 
with much higher resolution. Two small rectangular pieces were cut from the elytra to 
compare the cross section in different orientations.  Figure 6 shows the sections that were 
cut and the white arrows identify the cross section orientation that is observed under the 
optical microscope.   
 
Figure 6.  Diagram depicting the portion of the elytra that was used to view the 
cross section under the optical and scanning electron microscope 
The microscope being used was a Nikon EPIPHOT 200 Inverted Metallurgical 
Microscope, Figure 7.  The light source was a 12V-100W Halogen lamp and the imaging 
software used to capture the pictures was NIS-Elements.   
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Figure 7.  Nikon EPIPHOT 200 Optical Microscope 
a. Set-Up 
The elytra was cut into two rectangles as seen in Figure 6.  The rectangles were 
placed in a steel spring clip with the cross section of interest facing down.  A circular 
mold was placed around the samples and filled with SPECIFIX resin.  The resin cured for 
72 hours and was then polished.  Polishing was done using progressively finer grit paper, 
500 to 1500 to 4000.  Once both samples were polished, the resin puck, Figure 8, was 
observed under the optical microscope. 
 
Figure 8.  Resin puck (3cm diameter) with elytra samples used for examining 
the cross section. The elytra samples were placed in steel spring clip 




Images were taken from both cross sections at different areas.  The magnification 
ranged from 10x to 100x.  The images were saved as TIFF files and observed using 
ImageJ.  ImageJ is an open source image processing program specifically designed for 
scientific images [17].    
2. Scanning Electron Microscopy 
Scanning Electron Microscopy is a materials characterization technique 
accomplished through the use of a scanning electron microscope (SEM).  The SEM can 
provide useful characteristic information such as topography, morphology, composition 
and crystallographic information.  For this research we are mainly interested in 
topography.  The SEM uses a focused electron beam, scanned over a sample, to view 
objects at a spatial resolution of approximately one nanometer.  The in-lens detector 
collects the backscattered electrons and secondary electrons to produce the image.  SEM 
images were collected using a Zeiss Neon 40 Crossbeam Scanning Electron Microscope 
with a Shottky field emission system, Figure 9. 
 
Figure 9.  Zeiss Neon 40 SEM 
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In addition to typical topographic images, we were also able to capture cross 
section images using a Focused Ion-Beam (FIB) column attached to the Zeiss SEM.  The 
FIB mills away a small portion of the sample exposing a new layer.  After each layer is 
milled away the SEM takes a picture and provides a 3D view.  The FIB mills away a 
portion of the sample using an electron gun emitting Ga+ ions. 
a. Set-Up 
Elytra samples were mounted on three aluminum stubs in several different 
orientations, Figure 10.  The elytra were attached to the stub using Pelco colloidal silver 
liquid and then sputter coated with a 3nm Platinum / Palladium solution.   
 
Figure 10.  SEM stub mounts (1.25cm diameter) with elytra mounted in 
different orientations  
In addition to the SEM stub mounts, the SPECIFIX puck observed under the 
optical microscope was also analyzed in the SEM.  In order to acquire a clear image the 
SPECIFIX puck was sputter coated with 3nm of Platinum / Palladium and wrapped with 
copper tape to prevent charging when viewed in the SEM.  The stubs and puck were then 
mounted in the SEM vacuum chamber for viewing.   
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b. Procedure 
Depending on the sample and orientation the system was operated between 1kV / 
0.14 x 10
-6
 mA, and 10kV / 0.23x10
-6
 mA.  Magnifications varied from 30X to 15000X 
to get an overall image as well as a high magnification image to understand the structure.  
Images were collected using a computer attached to the SEM and stored in JPEG format.  
The FIB milling was done using Ga+ ions at 30kV with 2nA for the primary milling and 
200pA to polish the milled area. 
D. OPTICAL CHARACTERIZATION 
The experimental objective was to measure the spectral reflectance characteristics 
of the Hercules beetle elytra in the wavelength range from 600 to 1700nm.  Experimental 
reflectivity measurements are available from previous publications by other research 
groups that range from 400 to 1000nm, but no information was collected in the short 
wave infra-red (SWIR) part of the spectrum [3].  In order to observe this wavelength we 
re-designed an experimental set up from a Naval Postgraduate School thesis that 
evaluated camouflage clothing in the SWIR [18].  The experiment was set up in a dark 
room on top of an optical bench, Figure 11.  The set-up consisted of a 100W tungsten–
halogen lamp connected to a monochromator, which directed light of variable wavelength 
on the sample.  The reflected light from the sample was captured using a SWIR video 
camera capable of detecting wavelengths between 400 and 1700nm.   
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Figure 11.  Experimental set-up for optical characterization 
The captured video was recorded onto a computer using imaging software, IR Vista, and 
analyzed using MATLAB.  The equipment used in the experiment will be described in 
depth in the following sections. 
1. Set-Up 
The monochromator used was a PTI Model 101 shown in Figure 12.  Light from a 
100W tungsten-halogen lamp entered through the entrance slit and was diffracted from a 
600 lines/mm ruled grating, with a blaze wavelength of 1 m [19].  This meant that this 
particular grating had its maximum efficiency in the range around 1 micron. 
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Figure 12.  Monochromator PTI Model 101, from [19] 
The grating inside the monochromator dispersed the broadband radiation from the 
lamp and a selected range of wavelengths were transmitted through the exit slit.  The 
scanning range of the 1 micron blaze grating covered the wavelength range of interest 
(600-1700nm).  A stepper motor mechanically moved the grating to scan through the 
desired range of wavelengths at various scan speeds.  
The 100W tungsten-halogen lamp was chosen as a source because of the 
broadband spectrum it produced.  Since we were interested in observing how the elytra 
reflected wavelengths between 600 and 1700 nm, we needed a source that emitted with 
significant intensity over the entire range.  Tungsten-halogen lamps are commonly used 
in research because of their continuous distribution of light in the visible spectrum, but 
they also provide an uninterrupted light source in the NIR.  An example of the tungsten-
halogen lamp spectrum can be seen in Figure 13. 
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Figure 13.  Tungsten-halogen lamp spectrum, from  [20] 
The diffraction order of the monochromator was two, and filters were used to 
ensure the correct wavelength was being observed.  In order to understand why filters 
were required, we need to examine Bragg’s Law: nλ=2dsinθ, where n is the order, λ is the 
wavelength, d is the distance between scattering planes or grooves, and θ is the scattering 
angle.  The order of our monochromator was two; this means that the primary intensity is 
emitted at two times the display wavelength, but other wavelengths are transmitted as 
well.  For example, if the monochromator was set at 500 nm, it would transmit 500 nm 
and 1000 nm.  The detector used was capable of detecting both wavelengths since its 
detection range was 400-1700 nm.  Therefore, our reflectivity measurement would 
contain contributions from wavelengths of 500 nm and 1000 nm.  We would not know 
which component was contributing to the reflectivity at 500 nm unless we blocked the 
additional order.  In order to block out one wavelength, we ran the experiment across two 
separate wavebands and used two different filters.  The first waveband was from 550-900 
nm with a 900 nm short wave pass filter and the second waveband was 900-1700nm with 
a 850 nm long-wave pass filter.  The short wave pass filter transmits wavelengths below 
900 nm while the long wave pass filter transmits wavelengths above 850 nm. 
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The camera used for all reflectance recordings was the ALPHA NIR camera, 
manufactured by FLIR Systems – Indigo Operations.  The ALPHA NIR camera used a 
Indium Gallium Arsenide (InGaAs) detector arranged in a 320x256 pixel focal-plane 
array.  The focal plane was indium bump bonded to a silicon Readout Integrated Circuit 
(ROIC).  The camera used thermoelectric coolers to maintain an operating temperature 
around 25˚C.  The ALPHA NIR camera was capable of obtaining a spectral response 
from 400nm to 1700nm [21]. 
The camera was connected to a computer using the National InstrumentsTM 
digital image acquisition (IMAQ) board.  Once connected, the camera was controlled 
using the IRVista software.  The software recorded, stored, processed and converted 
video.  Several settings could be changed in order to capture higher quality video.  The 
setting that was changed the most was the camera integration time.  A lower integration 
time provided better video for bright conditions while a higher integration time provided 
better quality video for low light conditions.  When observing the elytra we found 
integration times between 100 and 200 milliseconds provided the best data. 
2. Procedure 
Data was collected for four different samples.  The four samples were: a Front 
Surface Aluminum Mirror, a leaf, dry elytra (47% humidity), and wet elytra (100% 
humidity).  To ensure we were measuring the same spot on the elytra each time, the elytra 
was mounted to a non-reflective base.  The dry elytra was mounted, humidity was 
recorded and measurements were taken.  In order to obtain data for the wet elytra, the 
mount and elytra were submerged in water for ten minutes.  The mount and elytra were 
removed, quickly dried off and measurements were taken.  The front surface aluminum 
mirror was used to give a baseline for the source (tungsten-halogen lamp).  The baseline 
is required to take into account spectral variations in the intensity of the source.  Once we 
had the source measurement we divided the other intensities by the source to get an 
accurate representation of the spectral variation of the reflectance of the leaf and elytra.  
The MATLAB code can be seen in Appendix A.   
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The image data captured from the camera was 12-bit at a 30 Hz frame rate.  For 
data analysis all images were saved as 12-bit Tagged Image File Format (tiff).  Each 
frame in the tiff file was a 320x256 matrix.  The value of each element in the matrix 
represented an intensity corresponding to a pixel defined by its x and y coordinates. 
To analyze the tiff images, a MATLAB program was used.  The code was written 
to analyze the specific pixels that contained the sample image.  The code ran through 
every frame from the shortest wavelength to the longest and recorded the average 
intensity of the sample for each wavelength.  The process was repeated for the 
background region and this value was subtracted from the sample intensity to provide the 
reflective intensity for the sample alone.  An example of the sample and background 
region for the shell can be seen in Figure 14. 
 
Figure 14.  AlphaTM NIR camera screenshot of elytra with increasing 
wavelengths. A. 600nm B. 750nm C. 900nm 
E. DENSITY 
The Hercules beetle has the capability of flight, which means its elytra must be 
light as well as strong.  In order to truly determine how the mechanical properties from 
the elytra compare with other natural and man-made materials, it was beneficial to report 
the mechanical properties with respect to the density.  We measured the density of the 
elytra using two separate methods.  The elytra samples we measured did not include the 
thick black edge around the elytra.  This portion of the elytra was always cut off because 
it did not relate to color changes, had not been included for optical or mechanical 
characterization and was considered out of the scope of this study. 
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1. Set-Up and Procedure 
The first method required scissors, a scale and calipers.  The scissors were used to 
cut portions of the elytra into squares and triangles.  The shapes allowed us to make 
accurate measurements of the length, height and width to calculate the volume of each 
sample.  Once the volume was obtained we put each sample on a scale and obtained the 
weight.  The last step was to divide the weight by the volume and record the density. 
The second method used scissors, a graduated cylinder, a scale and a volumetric 
pipette.  We filled the graduated cylinder with water to a specific line.  A sample of elytra 
was cut that would fit into the graduated cylinder and then weighed.  We submerged the 
elytra underwater in the graduated cylinder.  The specific amount of water displaced was 
removed using the volumetric pipette.  The volume of water that was displaced was then 
recorded and divided by the weight to obtain the density.   
F. MECHANICAL PROPERTIES 
1. Indentation Hardness 
In order to determine the hardness of the elytra, an indentation hardness test was 
used.  This characterization technique utilizes an indenter with a specific geometry and a 
known load to indent the sample.  Based on the size of the indentation, a hardness value 
can be determined.  We used a micro-hardness tester, HSV-1000 Figure 15, to determine 
the Vickers hardness (HV) values of the elytra. 
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Figure 15.  Micro-Hardness Tester, HSV-1000 
a. Set-Up 
Given the curvature of the specimens to be tested, in order to conduct a hardness 
test the elytra was embedded in an epoxy mold to keep it in place during measurements.  
The mold was created using Struers SpeciFix 20 Kit, Figure 16, and following the 
supplied instructions. The indenter was never in direct contact with the epoxy mold. 
 
Figure 16.  Struers SpeciFix 20 Kit 
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The first mold was created by placing the elytra in the bottom of the mold and pouring 
the epoxy on top.  While the epoxy was setting, the elytra floated to the top.  In order to 
conduct an accurate hardness test, a different procedure was used that avoided coating the 
entire elytra in epoxy.  Molds were created by taping the elytra samples on the bottom of 
the mount and pouring the epoxy on top.  This allowed the samples to be embedded in the 
mold while keeping a small portion of the surface free of epoxy.  Once the epoxy cured, 
the mount was retrieved with the surface of the elytra free of epoxy and exposed for 
measurement. 
b. Procedure 
The initial test was completed using a load of 4.903 N, but the force was too large 
and the diamond indenter created a hole through the elytra.  The force was decreased to 
0.098N, but it was difficult to see the diamond shape.  The next force used was 0.49 N; it 
created a perfect diamond shape which was easily measured, Figure 17.  The Vickers 
hardness test was run on two separate pucks and five measurements were taken each time.    
 
Figure 17.  Optical microscope image of Vickers hardness indentation on elytra 
The test was then run four more times varying the humidity each time.  Previous 
research showed that humidity greatly affects the hardness of a biological sample [22].  
Two hardness tests were completed on the sample after it sat overnight and was exposed 
to the environment, approximately 60% humidity.  The other two hardness tests were 
completed after the sample sat in a vacuum overnight, 0% humidity and after the sample 
was submerged in water overnight, 100% humidity. 
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2. Tensile Test 
To determine the tensile strength of the elytra, a compression/tension tester was 
used.  The compression/tension tester used was a MTII/Fullam SEMtester 1000 EBSD.  
For the small samples we are using the SEMtester has the correct dimensions, allowing 
us to make the best use of the elytra.  It has a maximum load of 1000 pounds and can be 
installed in an SEM to observe the microstructure of the sample as it is being placed in 
tension.  The SEMtester is connected to an MTI data acquisition system, which connects 
to a computer running MTESTQuattro.  MTESTQuattro is a computer program which 
controls, collects, compiles, and stores the data for the SEMtester. 
a. Set-Up 
The elytra was cut lengthwise to generate a tensile specimen having two shoulders 
with a gauge section in between.  The shoulders are wider than the gauge section because 
they give the SEMtester a larger area to grip and the smaller cross-section of the gauge 
allows deformation and failure to occur in this area.  The test sample was inspected for 
cracks prior to being placed in the SEMtester.  The sample was then placed in the 
SEMtester and the clamps were tightened without cracking the sample, Figure 18. 
   
Figure 18.  SEMtester with elytra under tension 
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A tensile test procedure was created in MTESTQuattro.  The procedure is a 
programmable set of instructions which tell the SEMtester how to perform and record the 
tensile test.  The information consisted of the specimen shape and dimensions, a pre-load 
of 1lb, a pre-load rate of .01 in/min, and a jog rate of .02 in/min.  As new tests were run, 
the dimensions changed slightly and the test procedure was updated to accurately reflect 
the changes.  
b. Procedure 
Prior to running the test procedure, each sample being placed in tension was 
identified based on the specific spot of the shell it was cut from (i.e. outside or middle).  
The test procedure was started and the sample was placed under increasing tension until it 
fractured.  MTESTQuattro automatically saves the data, but it was converted to an excel 
document for analysis. 
G. STRUCTURE REPLICATION BY ANODIZING 
The final objective of this thesis was to determine if any of the optical or 
mechanical properties were worth copying and if so, propose materials or methods to 
synthesize a structure that could replicate these properties.  The porous structure 
responsible for the color change has unique optical properties that we would like to 
replicate.  In order to replicate the structure, we decided to use a titanium anodizing 
technique.  This technique grows TiO2 nanotubes on the anode.  The dimensions can be 
controlled by changing the voltage profile and solution mixture [23]. 
1. Set-Up 
The set-up consisted of three DC power supplies, an ammeter, a voltmeter, a 
computer, a plastic reactor, an ethylene glycol (Aldrich) solution containing water and 
ammonium fluoride (Aldrich), a 3cm x 1cm x 0.05mm 99.6% pure titanium foil anode 
(Aldrich), and a 3.5cm x 1.6cm x 0.05mm 99.6% pure titanium foil cathode, Figure 19.   
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Figure 19.  Titanium anodizing experimental set-up to replicate porous layer in 
the elytra 
The three 30V DC power supplies were connected in series to have enough power 
to alternate voltage between 20V and 80V.  Two different ethylene glycol solutions were 
prepared for two separate experiments: solution one with 2% H2O and .07% NH4F and 
solution two with 3% H2O and .05% NH4F.  The ammeter was connected to the computer 
to record the current throughout the experiment.  The ethylene-glycol solution was 
poured into the plastic reactor and the titanium electrodes were submerged in the solution 
2 cm apart. 
2. Procedure 
Two separate runs were completed using solution one and two while all other 
conditions remained constant.  The titanium electrodes were thoroughly washed in 
ethanol and air-dried prior to anodizing.  The electrodes were submerged in the solution 
with 1cm remaining in air, Figure 20.  The voltage was held at 20V for five minutes and 
then brought to 80V for one minute; this cycle was repeated for 90 minutes.   
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Figure 20.  Plastic reactor with titanium electrodes, the red alligator clip holds 
the anode and the green alligator clip holds the cathode 
At the end of the anodizing, the anode was washed with ethanol and dried with air.  Both 
anodes were annealed by increasing the temperature 2˚C per minute until the temperature 
reached 450˚C where it was held for one hour.  
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III. RESULTS AND DISCUSSION 
A. OVERVIEW 
The experiments performed in this thesis were to determine if the Hercules beetle elytra 
had unique optical or mechanical properties that could benefit the military and determine if 
these properties could be replicated using inorganic components in our laboratory.  The 
following sections discuss these results and provide recommendations, if appropriate, on how 
replicating the elytra or portions of the elytra could have military application.     
B. BEETLE ANATOMY AND ELYTRA DESCRIPTION 
The scope of this thesis pertains mostly to the elytra, however, the other sections 
are identified in Figure 21.  The elytron is separated in two portions, a left and right.  
Both sides are the same size measuring 2.75 cm wide and 4.75 cm tall.  The left and right 
sides are mirror images of each other in terms of size and shape.  The number and size of 
black dots is random and sporadic.  Scratches and cracks vary in size and they are in 
different locations.  The color of the elytron is the same between the left and right side, 
but it is dependent upon the humidity.  At 0% humidity the elytra is a yellow-brown or 
yellow-green and it gets darker with increasing humidity until it turns black.  There is a 
shiny wax coating on the surface of the elytra and upon closer inspection the surface is 
dimpled, resembling orange peel.  The elytron has a 0.85 mm thick black outline which 
frames the elytron and the interior section is 0.5 mm thick.   
 
Figure 21.  Dissected and labeled parts of Hercules beetle 
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C. HUMIDITY AND COLOR CHANGE 
The humidity and color change experiment gradually changed the color of the 
beetle elytra from a yellow-brown to black.  The amount of time for the elytra to undergo 
the entire color change was 17 minutes, Figure 22.   
 
Figure 22.  Images showing the change in color as the Hercules beetle elytra is 
subject to increasing humidity. A) initial color, time = 0 minutes B) 
visible change in color, time = 12 minutes C) End of color change, time 
= 17 minutes 
When the elytra was removed from the high humid glass container and placed in a 
clean, dry glass dish, it took 5 minutes to completely return to its original color.  The 
amount of time for a complete color change will vary depending on starting humidity, 
how fast the water vapor is added to the container, and if the container holding the elytra 
is sealed.  Our goal was not to determine the fastest way to change color, but ensure we 
could replicate the color change after the elytra has been removed from the insect and cut 
into smaller pieces.     
D. MICROSTRUCTURAL 
1. Optical Microscopy 
After visually inspecting the beetle shell, the next step was to view it under an 
optical microscope.  The first image, Figure 23, is a top down view of the beetle shell.  
Several unique features stand out: the large holes, the checkered fibrous pattern, and the 
honeycomb structure.   
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Figure 23.  Optical microscopic image through the shell 
The large holes are believed to be the area where the hair follicles came through 
the beetle shell.  These hair follicles are seen much easier in the SEM image, Figure 26.  
The fibrous structure seen through the shell shows a perpendicular pattern which 
resembles clothing fabric.  It appears these fibers only travel in two directions, and are 
perpendicular to each other.  Further inspection under the SEM disproved this 
assumption, Figure 32 C, showing many fibers make an angle much less than 90 degrees.  
The perpendicular fibers in Figure 23 are most likely denser than the other fibers making 
them block more light.  The honeycomb structure was not identified in any more imaging 
techniques after the optical microscope since the rest of the images were concentrated on 
the cross section.  However, it does resemble the waxy monolayer in Figure 25.   
The cross section of the elytra was viewed under the optical microscope by 
placing the elytra in a steel spring clip and setting it in a resin mold.  Figure 24.  A and B 
show the cross section of the elytra under increasing magnification.  Figure 24 A shows 
the layers of the elytra, but some of the image is distorted due to the resin penetrating the 
elytra.  When the magnification is increased it is apparent that the fibers within the layers 
increase in thickness from the top of the shell to the bottom. 
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Figure 24.  Optical microscopic image of shell cross section between steel 
spring clip 
A generic diagram of an insect exoskeleton can be seen in Figure 25.  This 
diagram shows many of the features we observed: hair follicle holes, honeycomb 
structure, several layers, and the fibrous checkered pattern. 
 
Figure 25.  Diagram of a generic insect cuticle, after [24] 
Each layer has a unique supporting role in the exoskeleton.  The epicuticle is the 
most external portion of the cuticle.  Its main function is to retain water and not allow 
debris to penetrate the cuticle.  The exocuticle and endocuticle make up the procuticle, 
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which is the thickest portion of the cuticle and is comprised of chitin microfibers 
surrounded by a protein matrix [25].  We believe this is where the exoskeleton gets most 
of its strength.  The epidermis is the bottom layer of the cuticle and provides a barrier 
between the cuticle and the insect.  
2. Scanning Electron Microscopy 
The scanning electron microscope provided images of the elytra with much more 
detail.  Figure 26 is the top surface of the elytron.  The white color in the figure is 
representative of charging because this area was not coated with platinum palladium.  
Unlike the optical microscope images, the SEM provides images that show the surface 
features of the elytra.  The hair follicles and surface scratches are visible all over the 
elytra.  The four large hair follicles in the center of Figure 26 have an average diameter of 
29 m and the cracks in the surface are not uniform in any direction, size or shape. 
 
Figure 26.  SEM image of elytra surface with charging 
After studying the surface of the elytra, we used the FIB to remove a portion from 
the top surface of the elytra and study with more detail the cross sectional view.  The FIB 
provided a unique insight into the porous layer which controls the optical properties, 
Figure 27.   
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Figure 27.  SEM image of FIB cut which revealed porous layer 
The FIB detached the material in a 50x50x20 m section.  The final FIB image, 
Figure 27 is not very helpful when attempting to interpret the structure, but it shows a 
porous layer very close to the surface.  This porous layer is responsible for the color 
change [3].  To gain a better understanding of the porous structure, images from each FIB 
pass were combined to make a video.  Eight images from the FIB video, Figure 28, show 
the cross section of the porous layer as the ion-beam removed a small portion.  A red 
arrow in each image B-G, identifies the same vertical tube and follows the hollow section 
that is being revealed with each pass.  The horizontal tubes did not appear to be hollow 
from the FIB video.  
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Figure 28.  Eight consecutive images of the FIB cut with a red arrow pointing to 
a hollow vertical tube.  As the FIB makes a cut it takes away a portion 
of the tube revealing the tube is hollow. 
The video provided much more clarification into the structure than previous 
studies by showing a 3D walkthrough.  The vertical fibers are hollow chitin tubes 
connected by solid horizontal chitin layers with an air gap in between.  The air gaps 
penetrate the vertical tubes, facilitating the spread of water throughout the porous 
structure.  Water is able to penetrate the cracks in the waxy layer and spreads throughout 
the porous structure by way of vertical tubes and the random orientation of the gaps in 
between the vertical tubes.  The orientation and size of the porous structure did not have a 
uniform size or shape.  SEM images were taken of the cross section after the tension test 
with Figure 29 concentrating on the porous layer.  These samples were all mounted on 
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stubs and coated with a platinum palladium solution.  Figure 29 C shows the porous layer 
under what appears to be a small waxy layer.  Combined, these layers had a depth of 8 
m, less than 2% of the elytra’s thickness. 
 
Figure 29.  SEM magnification of porous layer after tensile test 
The FIB and SEM images of the porous layer were examined and measurements 
were taken using ImageJ.  Figure 30, shows a very simplified diagram of the porous 
structure.  The blue represents the chitin and the white represents air. 
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Figure 30.  Simple diagram of the elytra’s porous layer. The horizontal air gaps 
penetrate the vertical tubes (not shown in above image)  
While the porous layer was a very interesting section, the mechanical strength of 
the elytra still lay beneath the porous layer.  Further SEM inspection was done on the 
stub mounted samples below the porous layer.  Several layers were visible and the study 
of each individual layer would have exceeded the scope of this thesis.  Two specific areas 
from the upper portion of the elytra were examined much closer, Figure 31 C and D.  
Neither image, C or D, have the same size chitin fibers even though they are two layers 
right on top of each other.  This shows us that the fibers running throughout the elytra are 
different sizes throughout the shell and each layer may provide a unique mechanical 
property of its own.  The fibers appear to be at different orientations, but there does not 
seem to be any uniformity.  This observation correlates with previous research which 
studied a bessbeetle cuticle.  The research determined that the fibers run parallel to the 
cuticle surface in random directions and that the fibers increase in thickness towards the 
center of the elytra [26].        
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Figure 31.  SEM magnification of structural layers from the exocuticle 
When we inspected a lower portion of the elytra, Figure 32, we saw a unique 
pattern which looked like the base of a wood floor.  The angled fibers in Figure 32 
alternate 17.4˚ between each layer.  This angled orientation was also identified in the 
bessbeetle.  The lower half of the bessbeetle elytra is comprised of angled layers 
alternating 21˚ between each layer [26].  The angled layer structure is not unique to beetle 
shells; it is also present in cortical bone which have an angle of 30˚ between each 
successive layer [27]. 
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Figure 32.  SEM magnification of angled layers from the endocuticle 
E. OPTICAL CHARACTERIZATION 
In order to verify if our reflectivity measurements were accurate we chose to use 
leaves as a control.  Leaves were chosen because of the specific wavelength bands that 
are known to be absorbed.  The first absorption in leaves occurs between 400-700 nm and 
is due to photosynthetic pigments absorbing light.  The rest of the absorption is due to 
water contained within the leaf [28].  Water creates two sets of absorption, primary and 
secondary.  Primary absorption occurs at 1450, 1940, and 2500nm while secondary 
absorption occurs at 980 and 1240 nm [28–29].  Since our data is recorded from 600 to 
1700 nm we should see absorption areas located at: 600-700 nm, 980 nm, 1240 nm, and 
1450 nm.  Figure 33 shows our experimental result for the leaf and the absorption 
features listed above can all be identified.  
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Figure 33.  Variation in reflectivity for common foliage 
Comparing our plot to the reflectivity of a fresh bamboo leaf, it is easy to see the 
similarities, Figure 34 (600-1700nm is outlined in black). 
 
Figure 34.  Reflectivity of a fresh bamboo leaf [28] 
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Now that our experimental method has been verified with expected absorption 
features, we can analyze the results from the elytra, Figure 35. 
 
Figure 35.  Spectral variations in reflectivity of the Hercules beetle shell 
The first thing we noticed is that the beetle shell reflectivity plot has a similar 
shape compared with the leaf.  This did not come as a surprise; biological samples have 
similar characteristics due to water contained within the structure.  However, the abrupt 
change seen in the leaf from 600-800 nm, due to photosynthetic pigments, is not as 
drastic in the beetle shell.   
The second characteristic that is easiest to spot is that the dry shell had higher 
overall reflectivity than the wet shell.  This was expected based on the wet shell being 
black and the dry shell being yellow.  As the measurements transitioned to the SWIR 
region, the difference between reflectivity was not as high.  In order to make the 
comparison more apparent, we divided the wet shell data by the dry shell data to get a 
reflection ratio, Figure 36.  The difference in reflectivity between the wet shell and dry 
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shell had a maximum of 18% in the SWIR and 63% in the visible spectrum.  This 
suggests that the primary variation due to humidity change occurs in the visible part of 
the spectrum. 
 
Figure 36.  Reflection ratio of wet/dry shell 
From previous research we know that the reflective characteristics of the beetle 
shell is due to the open porous layer below the waxy layer of the elytra [3].  The porous 
layer has a unique makeup which was previously discussed in the SEM section.    To see 
if we can predict where the beetle will be most reflective we used the equation:   
   ̅
 
, 
where λ is the dominant reflected wavelength, m is an integer,  ̅ is the average refractive 
index, and a is the period of layers [3, 30].  Using the measurements from Figure 30, an 
average refractive index for the chitin/air layer was calculated to be 1.333.  With the 
average refractive index calculated and using a period of 348 nm the dominant reflected 
wavelength was determined to be 928 nm.  The formulas and methodology for this 
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calculation can be seen in Appendix B.  This does not correlate perfectly, but for a rough 
model it is very close to the peak that is seen at 960 nm in Figure 35.  
The results we obtained in the SWIR region did not behave as expected in an 
idealized model [3].  The idealized model predicted a sudden drop in reflectance around 
1000 nm.  There was no drop until 1120nm and no major drop until 1300nm.  Predicting 
this complex structure proves to be very difficult, and simplifying the geometry may not 
provide the same results that are apparent in the elytra.  
Once it was determined how the structure behaved in the visual and SWIR, it was 
made clear that it poses several traits that would make it very desirable for camouflage.  
The first and foremost is that the porous layer would make it very difficult for SWIR 
cameras to distinguish between foliage and the bio-mimetic material designed after the 
elytra.  Man-made materials that are used for camouflage provide a sharp contrast when 
observed next to natural materials, Figure 37.   
 
Figure 37.  SWIR (0.9-1.7 m) image of individual wearing camouflage in front 
of foliage, from [18] 
If a synthetic material could be designed to copy the same wavelengths that are 
absorbed in foliage the contrast would not be as evident.  In addition, absorption and 
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reflective bands could be designed based on the column and gap size in the porous layer.  
Since the layer is porous there is also a possibility of doping the voids in the porous layer.  
This may be possible by dipping the material in a solution, removing it, letting the liquid 
evaporate and whatever crystals were in the solution are now in the pores.  These crystals 
can have unique optical properties that are desired for remote covert detection or 
identification.   
F. DENSITY 
Prior to conducting the density experiment, we had seen the elytra float on water, 
so we knew our maximum density should be below 1000 kg/m
3
.  In addition, we found 
data from other beetles’ elytra, and they had a density between 800-890 kg/m3 [15, 31].  
No density data specifically pertaining to the Hercules beetle elytra was found.  Table 1 
shows the results of our density measurements. 
Table 1.   Density data for Hercules beetle elytra 
  
With an average density of 752 kg/m
3
 the Hercules beetle elytra is 7% less dense 
than the 800 kg/m
3
 Potosia Brevitarsis beetle.  Compared to other materials, the density 
of the Hercules beetle elytra is close to hardwood but higher than cork and much less than 
steel (the elytra’s density represents only 27% of the density of aluminum and 9% of the 
density of steel).  Table 2 shows a list of several materials and their respective density. 
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Table 2.   Hercules beetle elytra measured density ranked against other 
materials, after [32] 
 
The density result for the Hercules beetle elytra was used with the mechanical properties 
to find specific strength and specific modulus for a more accurate comparison with other 
materials. 
G. MECHANICAL CHARACTERIZATION 
1. Indentation Hardness 
Four sets of hardness measurements were taken for the elytra, each set 
representing a different humidity.  Tests were performed on different areas of the elytra 
to determine if the hardness varied as you changed location on the elytra.  The hardness 
measurements remained consistent leading us to believe hardness is independent of 
location on the entire elytra.  Table 3 provides the data that was recorded when taking the 
hardness measurements.  
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Table 3.   Indentation measurements 
 
 
The values for hardness in the elytra of Dynastes Hercules diminish as humidity 
increases, from 0.542 GPa on a completely dry specimen to 0.225 GPa for 100% 
humidity, when specimen is completely saturated with water. The maximum standard 
deviation came from tests performed on the 100% humid set.  The standard deviation was 
12% while the second largest standard deviation was 4.5% when humidity was 56%.  The 
100% humid results were less consistent due to water evaporating from the elytra as the 
hardness measurements were being performed.  The hardness measurements were all 
taken consecutively, but each successive measurement had a slight increase in hardness.  
When compared to other biological samples, the hardness data obtained is very similar.  
The dung beetle and bovine hoof have hardness values of 0.33 GPa and 0.29 GPa 
respectively [33].  
Hardness of the saturated shell increased 249% when it was tested dry.  Previous 
research conducted hardness measurements on a Pachnoda Marginata beetle cuticle and 
showed a 490% increase in hardness [22].  Both results clearly show evidence that the 
cuticle becomes harder when it is less humid with water acting as lubricant during the 
test.  Our results showed a significant change, however, they were not as drastic as the 
ones seen in the Pachnoda Marginata.  Preparation methods could have a role in the test 
result; our dry samples were put in a vacuum chamber overnight while the Pachnoda 
Marginata were placed in an oven for 24 hours at 40˚C.  Our wet samples were placed in 
water overnight while the Pachnoda Marginata was tested immediately after being 
dissected from the body.   
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2. Tensile Strength 
Results were difficult to obtain in the SEMtester due to the test being run on a 
curved biological sample.  When mounting the shell in the clamps, it was difficult to 
apply the correct amount of force.  Tightening too much would crack the shell and the 
sample would fracture at the clamps, not tightening enough would allow the sample to 
slip when placed in tension.  Once the sample slipped, it was not used because fibers in 
the sample may have broken.  After several successful tests, it was determined that 
tightening the clamps around 4.0 Nm provided the best results.  
Samples from different areas of the shell were tested, and it became apparent that 
depending on the location being tested the yield strength was extremely different.  In 
order to clarify what sections of the shell were tested they were separated into two 
categories, “Outside” and “Middle” as seen in Figure 38.  
 
Figure 38.  Location of tensile test samples 
The tensile test data was exported from MTESTQuattro and analyzed in Excel.  
Three separate stress strain plots were created and can be seen in Figure 39, Figure 40, 
and Figure 41.  Figure 39 is a Stress-Strain curve for the middle portion of the shell, 
which presents the largest curvature, resulting in the highest yield strength.  Figure 40 is a 
Stress-Strain curve for the outside portion of the shell and had approximately half the 
yield strength of the middle portion.  Figure 41 is a Stress-Strain curve for the outside 
portion of the shell that fractured at the clamp instead of the middle of the sample.  When 
looking at the three plots there are specific areas where the linear curve is interrupted, we 
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believe this is due to the multiple layers seen in Figure 24, Figure 31 and Figure 32 
breaking.  
  
Figure 39.  Stress versus strain (middle of shell) for 2 different specimens 
The fracture occurred abruptly in all samples, resembling a brittle material.  There 
was very little to no plastic deformation.  It appears that fracture occurred in layers, each 
layer that broke shows a sudden drop in the stress. The variability between diverse 
specimens might be related to the size (curvature) of the specimens, the age of the insects 
or the conditions where the sample was stored. 
Young’s Modulus was calculated twice for each sample because two distinct 
sections were visible in the Stress/Strain plot due to the failure occurring in layers.  The 
first failure typically occurred within the first 5 MPa of stress applied in the run and the 
second went close to failure.  An example of these two sections can be seen in Figure 41 




Figure 40.  Stress versus strain (outside of shell) for 2 different specimens 
 
 
Figure 41.  Stress versus strain (outside of shell – fractured at clamp) 
Tensile tests were completed on samples from two different Hercules beetles.  
The yield strength and Young’s Modulus were approximately two times greater for the 
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middle section of the elytra than the outside section of the elytra.  From the insect’s 
defensive mechanism point of view, this result makes sense; the middle of the beetle 
elytra will be the most vulnerable and in turn must be the strongest section.  Since the 
thickness of the elytra did not change from the middle or outside portions of the elytra 
being tested there is most likely a difference in the curvature and microstructural makeup 
of the layers.  Both elytra’s tested exhibited the same trend, but the second beetle had 
higher yield strength, as indicated in Table 4.  
Table 4.   Tensile test data 
  
Middle Section of Shell 
Beetle 1 Beetle 2 Average 
Standard 
Deviation 
Yield Strength (MPa) 47.3 62.9 55.4 11.0 
Young’s Modulus 1 (GPa) 13.1 9.32 11.20 2.67 
Young’s Modulus 2 (GPa) 14.0 8.89 11.40 3.61 
  
Outside Section of Shell 
Beetle 1 Beetle 2 Average 
Standard 
Deviation 
Yield Strength (MPa) 26.8 30.1 28.5 2.3 
Young’s Modulus 1 (GPa) 3.1 5.64 4.35 1.82 
Young’s Modulus 2 (GPa) 6.1 5.21 5.68 0.66 
  
Outside Section of Shell (Broke at clamp) 
Beetle 1 Beetle 2 Average 
Standard 
Deviation 
Yield Strength (MPa) 18.4 18.8 18.6 0.3 
Young’s Modulus 1 (GPa) 5.5 3.55 4.53 1.38 
Young’s Modulus 2 (GPa) 4.6 4.42 4.51 0.12 
 
 Depending on the area of the shell being used, yield strength fell between 18-55 
MPa.  An example of a few natural materials that fall within this range are high density 
balsa wood (24 MPa), plywood (35 MPa) and coconut timber (45 MPa) [34]. The 
Young’s Modulus fell between 5 - 11 GPa.  A few other natural materials within this 
range were plywood (8 GPa), spruce (9 GPa) oak (11.5 GPa) and antlers (10 GPa) [34].   
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 A plot which compares the Hercules beetle stiffness per unit weight to other 
materials of engineering interest can be seen in Figure 42. 
 
Figure 42.  ASM Handbook Volume 20 material property chart of Young’s 
Modulus vs density with the Hercules beetle overlay (red circle), 
 after [35] 
Three guide lines for minimum weight design are used to represent different modes of 
loading in Figure 42.  E/, also known as the specific modulus, is the guide line used for 
materials in tension.  The higher the specific modulus, the stiffer the material is per unit 
weight.  A material with the highest stiffness to weight ratio would be located in the 
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upper left hand corner.   Figure 42 shows the Hercules beetle elytra has similar stiffness 
properties to wood, falling between wood and engineering composites.  For comparison, 
Table 5 shows the specific modulus for various materials as well as the Hercules beetle 
elytra. 
Table 5.   Specific modulus and strength for various materials, after [34] 
 
Another material property of interest is the strength to weight ratio.  The higher 
the strength of a material means it requires more force to fracture or permanently deform 
the material.  A comparison of strength versus density of natural materials is presented in 
Figure 43. 
 55 
   
Figure 43.  ASM Handbook Volume 20 material property chart of strength vs 
density with a Hercules beetle overlay (red circle), after [35] 
Figure 43 shows the Hercules beetle elytra specific strength properties are very similar to 
wood, but very close to engineering plastics.  The specific strength of the elytra appears 
to be a good compromise of strength and weight when compared to other materials in 
Figure 43.  Through thousands of years of natural selection, the Hercules beetle elytra has 
made the balance between strength and weight, an issue that is constantly debated in the 
transportation industry. 
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 The mechanical properties of the elytra may not compete with carbon nanofibers 
or other synthetic materials, but considering the elytra is made up of sugar and protein it 
provides a strong, stiff, lightweight structure.  This structure is dependent on the layers, 
how the fibers are oriented in these layers, and how the different layers are attached to 
one another.  The number of layers and size of fibers inside the elytra is not uniform 
among the Hercules beetle, instead it varies based on age of the beetle and environment 
in which the beetle was raised [26].  Therefore a specific number of layers can-not be 
assumed for all Hercules beetle elytra or any other elytra for that matter.  In order to 
fabricate a structure that mimic the microstructural arrangement of the fibers that give the 
elytra mechanical stability, carbon fibers or aramid fibers could be considered.  
H. STRUCTURE REPLICATION BY ANODIZING 
Both titanium anodized samples were inspected with the SEM and measurements 
were taken using ImageJ.  The anode from solution one, Figure 44, developed into a 
structure 8.2 m thick with 392 nm between the horizontal rings.  The nanotubes had an 
outside diameter of 102 nm and an inside diameter of 33.6 nm.  The horizontal rings were 
49.9 nm thick.   
 
Figure 44.  Anodized titanium SEM images of solution one. A.) Cross section 
view of nanotubes B.) Side view showing rings and distance between 
rings C.) View of entire nanotube structure 
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The anode from the second solution, Figure 45, developed a structure 2.98 m 
thick with 154 nm between the horizontal rings.  The nanotubes had an outside diameter 
of 122 nm and an inside diameter of 38.2 nm.  The horizontal rings were 37.4 nm thick. 
 
Figure 45.  Anodized titanium SEM images of solution two. A.) Cross section 
view of nanotubes B.) Side view showing entire nanotube structure 
By varying the amount of H2O and NH4F in the ethylene glycol solution, the 
distance between the horizontal rings and the ring thickness could be controlled.  The 
inside and outside diameter of the nanotubes remained consistent regardless of the 
solution.  The conditions used for anodized titanium for the first solution had nanotubes 
that were 2.75 times longer than the second experiment, due to the difference in reaction 
rates between the two different solutions.  These experiments demonstrate that the length 
of the nanotubes could be modified by changing the anodizing time while keeping the 
other anodizing conditions the same. 
Our first attempt to replicate the porous layer in the Hercules beetle elytra showed 
promising results.  The second solution of anodized titanium had the closest dimensions 
to the porous layer and the results are compared in Table 6.  
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Table 6.   Comparison of Solution Two anodized titanium to the Hercules 
beetle porous layer  
 
The major difference between the beetle porous layer and the anodized titanium is 
that there is no gap in between the vertical tubes (columns) in the anodized titanium 
samples.  Since all parameters we are interested in can be controlled by the composition 
of H2O and NH4F in the ethylene glycol solution or the voltage profile employed, we 
believe that reproducing the porous structure could be achieved after some additional 
experimentation time.  Anodizing techniques done by other researchers have resulted in a 
void between the vertical tubes, which resembles the voids in the Hercules beetle elytra, 
serving as a proof of concept for this type of methodology as strategy to mimic the 
biological specimen, Figure 46.   
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Figure 46.  Cross section view of an open TiO2 nanotube, from [23] 
We accidentally discovered that a longer anneal time destroys the nanotubes, but 
not the horizontal rings. Changes in anneal times could then also be used as a variable to 
experiment with to achieve the desired microstructure.  The longer anneal time does not 
provide uniformity to the destruction of nanotubes, but the porous layer in the beetle 
elytra is not uniform.  In summary, with more experimental research, we are confident we 
can synthesize a TiO2 structure very similar to the porous layer of the Hercules beetle 
elytra.      
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The objectives of this thesis - to mechanically and optically characterize the 
Hercules beetle elytra, analyze its microstructure and determine if it is desirable and 
possible to replicate these features - were successfully completed.  The methods we found 
to produce the most consistent and accurate results were described in the experimental 
methods section.  The guidance and information to reproduce these results were included 
and identified throughout the thesis.  Most notably, the experimental set-up, computer 
code and protocols to measure the spectral reflectance were discussed and included as 
appendices.   
Using the SEM we were able to analyze the microstructure of the elytra and 
determine what layers provided the optical characteristics and what layers were 
responsible for the strength.  The mechanical properties of the elytra did not provide 
significantly different data from other beetles that have been studied in the past.  The 
elytra had a Vickers hardness value of 55 when humidity was near 0%, 39 when humidity 
was 56%, and 23 when humidity was 100%.  The density of the elytra was 752 kg/m
3
 
with a specific modulus of 15 GPa/(Mg*m
-3
) and specific strength of 30 MPa/(Mg*m
-3
). 
There are characteristics of the elytra that could benefit the design of synthetic 
composites.  The layered structure of the chitin and protein fibers and their geometry 
increases strength, stiffness, and hardness.  This structure and geometry could be 
incorporated in a composite design to improve mechanical properties. 
The porous layer just below the waxy surface of the elytra is responsible for the 
yellow-green to black color change when water is absorbed.  The same water absorption 
also contributes to the elytra having similar reflectance characteristics as foliage in the 
visible and SWIR region.  When the reflectance measurements were recorded wet and 
dry the visual region showed much more disparity between the two measurements.  The 
dominant reflected wavelength was predicted using a refractive index based on the size 
and structure of the porous layer.  Changing the size and structure will change the 
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reflectance characteristics.  Synthesizing a composite material with properties similar to 
the structure of the porous layer should result in a very effective camouflage material for 
visual and SWIR.   
Our attempt to synthesize a structure similar to the porous layer of the Hercules 
beetle elytra proved very successful.  The overall thickness of the structure, width of the 
vertical tubes, and distance between horizontal layers matched the porous layer of the 
elytra.  The only issue was the vertical tubes did not have a gap.  By changing the voltage 
profile we believe we can create the gap in between the vertical tubes and have a 
structure with similar optical characteristics as the Hercules beetle elytra.   
B. SUGGESTED NEXT STEPS 
Future work should be conducted to create the porous structure by anodizing 
titanium.  The first steps were reported in this thesis, but more experiments need to be run 
to confirm our hypothesis that the gap between vertical tubes can be created.  In addition, 
other methods to replicate the structure should be attempted.  Once a material has been 
created with the desired structure, reflectance measurements should be completed on the 
synthesized material to see how it compares to the elytra.  A short list of additional 
suggestions are to:  
Dope the elytra with a salt solution.  This could result in the control of specific 
reflectivity based on the solution absorbed by the porous layer in the elytra and is highly 
recommended as a next step in this study. 
Observe the tension test under the SEM.  By visually observing the tensile test 
and correlating the images to the data, it would provide a better understanding of what 
layers contributed to which tensile force. 
Conduct reflectance measurements with the elytra on top of a leaf and current 
camouflage material on top of a leaf to visibly show the difference in reflectivity and how 
military personnel can benefit from more advanced camouflage.  
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Obtain two Hercules beetle, one older much larger beetle and one younger, much 
smaller beetle.  Ensure they are both from the same environment and measure the 
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APPENDIX A. MATLAB CODE TO ANALYZE NIR VIDEO AND 
EXPORT TO EXCEL 
clc 
clear all 
%% FS Mirror Day 3 550-900 
for i=1:1270 
    Wavelength_FS = 550+i*(350/1270); 
    %PixelRegion {Rows, Columns} 
    intensity_FS = imread('FS_Mirror_275to450_900Filter_Day3.tif','PixelRegion',{[110   
    120],[122 127]},i); 
    %Background Region {Rows, Columns} 
    background_FS = imread('FS_Mirror_275to450_900Filter_Day3.tif','PixelRegion',{[160  
    200],[160 200]},i); 
     
    %To compute and plot the average intensity as a function of wavelength 
    Avg_FS_reflected = sum(intensity_FS(:))/numel(intensity_FS); 
    Avg_FS_background = sum(background_FS(:))/numel(background_FS); 
    Avg_FS = Avg_FS_reflected-Avg_FS_background; 
     
    %Store the intensity and wavelength 
    SW_Intensity_FS_Day3(i)=Avg_FS; 
    SW_Wavelength_FS_Day3(i)=Wavelength_FS; 
end 
%Send data to Excel 
SW_FS_Day3 = [SW_Wavelength_FS_Day3', SW_Intensity_FS_Day3']; 
xlswrite('WavelengthTesting.xls', SW_FS_Day3, 'FS SW Data'); 
%% Dry Shell Day 3 550-900 
for i=1:220 
    Wavelength_Shell = 550+i*(350/220); 
    %PixelRegion {Rows, Columns} 
    intensity_Shell = imread('Shell_275to450_900LPFilter_Day3.tif','PixelRegion',{[82  
    102],[93 113]},i); 
    %Background Region {Rows, Columns} 
    background_Shell = imread('Shell_275to450_900LPFilter_Day3.tif','PixelRegion',{[160  
    200],[160 200]},i); 
     
    %To compute and plot the average intensity as a function of wavelength 
    Avg_Shell_reflected = sum(intensity_Shell(:))/numel(intensity_Shell); 
    Avg_Shell_background = sum(background_Shell(:))/numel(background_Shell); 
    Avg_Shell = Avg_Shell_reflected-Avg_Shell_background; 
     
    %Store the intensity and wavelength 
    SW_Intensity_DryShell(i)=Avg_Shell; 
    SW_Wavelength_DryShell(i)=Wavelength_Shell; 
end 
%Send data to Excel 
SW_DryShell_Day3 = [SW_Wavelength_DryShell', SW_Intensity_DryShell']; 
xlswrite('WavelengthTesting.xls', SW_DryShell_Day3, 'Dry Shell SW Data'); 
%% Leaf Day 3 550-900 
for i=1:221 
    Wavelength_Leaf = 550+i*(350/221); 
    %PixelRegion {Rows, Columns} 
    intensity_Leaf = imread('Leaf_275to450_900LPFilter_Day3.tif','PixelRegion',{[80  
    100],[100 130]},i); 
    %Background Region {Rows, Columns} 
    background_Leaf = imread('Leaf_275to450_900LPFilter_Day3.tif','PixelRegion',{[160  
    200],[160 200]},i); 
     
    %To compute and plot the average intensity as a function of wavelength 
    Avg_Leaf_reflected = sum(intensity_Leaf(:))/numel(intensity_Leaf); 
    Avg_Leaf_background = sum(background_Leaf(:))/numel(background_Leaf); 
    Avg_Leaf = Avg_Leaf_reflected-Avg_Leaf_background; 
     
    %Store the intensity and wavelength 
    SW_Intensity_Leaf(i)=Avg_Leaf; 
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    SW_Wavelength_Leaf(i)=Wavelength_Leaf; 
end 
%Send data to Excel 
SW_Leaf_Day3 = [SW_Wavelength_Leaf', SW_Intensity_Leaf']; 
xlswrite('WavelengthTesting.xls', SW_Leaf_Day3, 'Leaf SW Data'); 
%% FS Mirror Day 3 900-1700 
for i=1:2856 
    Wavelength_FS = 900+i*(800/2856); 
    %PixelRegion {Rows, Columns} 
    intensity_FS = imread('FS_Mirror_450to850_850Filter_Day3.tif','PixelRegion',{[100  
    130],[70 100]},i); 
    %Background Region {Rows, Columns} 
    background_FS = imread('FS_Mirror_450to850_850Filter_Day3.tif','PixelRegion',{[160  
    200],[160 200]},i); 
     
    %To compute and plot the average intensity as a function of wavelength 
    Avg_FS_reflected = sum(intensity_FS(:))/numel(intensity_FS); 
    Avg_FS_background = sum(background_FS(:))/numel(background_FS); 
    Avg_FS = Avg_FS_reflected-Avg_FS_background; 
     
    %Store the intensity and wavelength 
    LW_Intensity_FS_Day3(i)=Avg_FS; 
    LW_Wavelength_FS_Day3(i)=Wavelength_FS; 
end 
%Send data to Excel 
LW_FS_Day3 = [LW_Wavelength_FS_Day3', LW_Intensity_FS_Day3']; 
xlswrite('WavelengthTesting.xls', LW_FS_Day3, 'FS LW Data'); 
%% Dry Shell Day 3 900-1700 
for i=1:497 
    Wavelength_DryShell = 900+i*(800/497); 
    %PixelRegion {Rows, Columns} 
    intensity_DryShell = imread('Shell_450to850_850Filter_Day3.tif','PixelRegion',{[85  
    105],[100 130]},i); 
    %Background Region {Rows, Columns} 
    background_DryShell = imread('Shell_450to850_850Filter_Day3.tif','PixelRegion',{[160  
    200],[160 200]},i); 
     
    %To compute and plot the average intensity as a function of wavelength 
    Avg_DryShell_reflected = sum(intensity_DryShell(:))/numel(intensity_DryShell); 
    Avg_DryShell_background = sum(background_DryShell(:))/numel(background_DryShell); 
    Avg_DryShell = Avg_DryShell_reflected-Avg_DryShell_background; 
     
    %Store the intensity and wavelength 
    LW_Intensity_DryShell(i)=Avg_DryShell; 
    LW_Wavelength_DryShell(i)=Wavelength_DryShell; 
end 
%Send data to Excel 
LW_DryShell_Day3 = [LW_Wavelength_DryShell', LW_Intensity_DryShell']; 
xlswrite('WavelengthTesting.xls', LW_DryShell_Day3, 'Dry Shell LW Data'); 
%% Leaf Day 3 900-1700 
for i=1:501 
    Wavelength_Leaf = 900+i*(800/501); 
    %PixelRegion {Rows, Columns} 
    intensity_Leaf = imread('Leaf_450to850_850Filter_Day3.tif','PixelRegion',{[90  
    100],[100 140]},i); 
    %Background Region {Rows, Columns} 
    background_Leaf = imread('Leaf_450to850_850Filter_Day3.tif','PixelRegion',{[160  
    200],[160 200]},i); 
     
    %To compute and plot the average intensity as a function of wavelength 
    Avg_Leaf_reflected = sum(intensity_Leaf(:))/numel(intensity_Leaf); 
    Avg_Leaf_background = sum(background_Leaf(:))/numel(background_Leaf); 
    Avg_Leaf = Avg_Leaf_reflected-Avg_Leaf_background; 
     
    %Store the intensity and wavelength 
    LW_Intensity_Leaf(i)=Avg_Leaf; 
    LW_Wavelength_Leaf(i)=Wavelength_Leaf; 
end 
%Send data to Excel 
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LW_Leaf_Day3 = [LW_Wavelength_Leaf', LW_Intensity_Leaf']; 
xlswrite('WavelengthTesting.xls', LW_Leaf_Day3, 'Leaf LW Data'); 
%% FS Mirror Day 4 550-900 
for i=1:1168 
    Wavelength_FS = 550+i*(350/1168); 
    %PixelRegion {Rows, Columns} 
    intensity_FS = imread('FS_Mirror_275to450_900Filter_Day4.tif','PixelRegion',{[108  
    120],[68 78]},i); 
    %Background Region {Rows, Columns} 
    background_FS = imread('FS_Mirror_275to450_900Filter_Day4.tif','PixelRegion',{[160  
    200],[160 200]},i); 
     
    %To compute and plot the average intensity as a function of wavelength 
    Avg_FS_reflected = sum(intensity_FS(:))/numel(intensity_FS); 
    Avg_FS_background = sum(background_FS(:))/numel(background_FS); 
    Avg_FS = Avg_FS_reflected-Avg_FS_background; 
     
    %Store the intensity and wavelength 
    SW_Intensity_FS(i)=Avg_FS; 
    SW_Wavelength_FS(i)=Wavelength_FS; 
end 
%Send data to Excel 
SW_FS_Day4 = [SW_Wavelength_FS', SW_Intensity_FS']; 
xlswrite('WavelengthTesting.xls', SW_FS_Day4, 'FS SW Data Day 4'); 
%% Wet Shell Day 4 550-900 
for i=1:221 
    Wavelength_Shell = 550+i*(350/221); 
    %PixelRegion {Rows, Columns} 
    intensity_Shell = imread('WetShell_275to450_900Filter_Day4.tif','PixelRegion',{[82  
    102],[100 120]},i); 
    %Background Region {Rows, Columns} 
    background_Shell = imread('WetShell_275to450_900Filter_Day4.tif','PixelRegion',{[160 
    200],[160 200]},i); 
     
    %To compute and plot the average intensity as a function of wavelength 
    Avg_Shell_reflected = sum(intensity_Shell(:))/numel(intensity_Shell); 
    Avg_Shell_background = sum(background_Shell(:))/numel(background_Shell); 
    Avg_Shell = Avg_Shell_reflected-Avg_Shell_background; 
     
    %Store the intensity and wavelength 
    SW_Intensity_WetShell(i)=Avg_Shell; 
    SW_Wavelength_WetShell(i)=Wavelength_Shell; 
end 
%Send data to Excel 
SW_WetShell_Day4 = [SW_Wavelength_WetShell', SW_Intensity_WetShell']; 
xlswrite('WavelengthTesting.xls', SW_WetShell_Day4, 'Wet Shell SW Data Day 4'); 
%% FS Mirror Day 4 900-1700 
for i=1:2796 
    Wavelength_FS = 900+i*(800/2796); 
    %PixelRegion {Rows, Columns} 
    intensity_FS = imread('FS_Mirror_450to850_850LPFilter_Day4.tif','PixelRegion',{[108 
    118],[73 83]},i); 
    %Background Region {Rows, Columns} 
    background_FS = imread('FS_Mirror_450to850_850LPFilter_Day4.tif','PixelRegion',{[160  
    200],[160 200]},i); 
     
    %To compute and plot the average intensity as a function of wavelength 
    Avg_FS_reflected = sum(intensity_FS(:))/numel(intensity_FS); 
    Avg_FS_background = sum(background_FS(:))/numel(background_FS); 
    Avg_FS = Avg_FS_reflected-Avg_FS_background; 
     
    %Store the intensity and wavelength 
    LW_Intensity_FS(i)=Avg_FS; 
    LW_Wavelength_FS(i)=Wavelength_FS; 
end 
%Send data to Excel 
LW_FS_Day4 = [LW_Wavelength_FS', LW_Intensity_FS']; 
xlswrite('WavelengthTesting.xls', LW_FS_Day4, 'FS LW Data Day 4'); 
%% Wet Shell Day 4 900-1700 
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for i=1:499 
    Wavelength_WetShell = 900+i*(800/499); 
    %PixelRegion {Rows, Columns} 
    intensity_WetShell = 
imread('WetShell_450to850_850LPFilter_Day4.tif','PixelRegion',{[85 100],[105 120]},i); 
    %Background Region {Rows, Columns} 
    background_WetShell = 
imread('WetShell_450to850_850LPFilter_Day4.tif','PixelRegion',{[160 200],[160 200]},i); 
     
    %To compute and plot the average intensity as a function of wavelength 
    Avg_WetShell_reflected = sum(intensity_WetShell(:))/numel(intensity_WetShell); 
    Avg_WetShell_background = sum(background_WetShell(:))/numel(background_WetShell); 
    Avg_WetShell = Avg_WetShell_reflected-Avg_WetShell_background; 
     
    %Store the intensity and wavelength 
    LW_Intensity_WetShell(i)=Avg_WetShell; 
    LW_Wavelength_WetShell(i)=Wavelength_WetShell; 
end 
%Send data to Excel 
LW_WetShell_Day4 = [LW_Wavelength_WetShell', LW_Intensity_WetShell']; 
xlswrite('WavelengthTesting.xls', LW_WetShell_Day4, 'Wet Shell LW Data Day 4'); 
%% 
%Code to integrate when there are too many frames 
%SW Dry Shell dividied by SW FS Mirror for Day 3 Data 
for a=1:220 
    b=round(a*(1270/220)); 
    SW_DryShell_DivFSMirror(a)=SW_Intensity_DryShell(a)./SW_Intensity_FS_Day3(b); 
end 
%SW Leaf dividied by SW FS Mirror for Day 3 Data 
for c=1:221 
    d=round(c*(1270/221)); 
    SW_Leaf_DivFSMirror(c)=SW_Intensity_Leaf(c)./SW_Intensity_FS_Day3(d); 
end 
%LW Dry Shell dividied by LW FS Mirror for Day 3 Data 
for e=1:497 
    f=round(e*(2856/497)); 
    LW_DryShell_DivFSMirror(e)=LW_Intensity_DryShell(e)./LW_Intensity_FS_Day3(f); 
end 
%LW Leaf dividied by LW FS Mirror for Day 3 Data 
for g=1:501 
    h=round(g*(2856/501)); 
    LW_Leaf_DivFSMirror(g)=LW_Intensity_Leaf(g)./LW_Intensity_FS_Day3(h); 
end 
%SW Wet Shell dividied by SW FS Mirror for Day 4 Data 
for i=1:221 
    j=round(i*(1168/221)); 
    SW_WetShell_DivFSMirror(i)=SW_Intensity_WetShell(i)./SW_Intensity_FS(j); 
end 
%LW Wet Shell dividied by LW FS Mirror for Day 4 Data 
for k=1:499 
    l=round(k*(2796/499)); 
    LW_WetShell_DivFSMirror(k)=LW_Intensity_WetShell(k)./LW_Intensity_FS(l); 
end 
%Wet Shell Dry Shell Ratio 
for m = 1:220 
    SW_ShellRatio(m)=SW_Intensity_WetShell(m)./SW_Intensity_DryShell(m); 
end 
for n=1:497 
    LW_ShellRatio(n)=LW_Intensity_WetShell(n)./LW_Intensity_DryShell(n); 





%Send data to Excel 






%Send data to Excel 





%Send data to Excel 





%Send data to Excel 
xlswrite('WavelengthTesting.xls', ShellRatioData, 'Shell Ratio Data'); 
%% 
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APPENDIX B. MATLAB CALCULATION FOR MOST 
REFLECTIVE WAVELENGTH 
%% 









%Width from end of one column to the next an estimate for length of air 
l_air=G_w+C_w; 























%Calculate refractive index 
eta_ch=sqrt(epsilon_avg) 
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